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HYBRID RESONANT STRUCTURE TO
VERIFY PARAMETERS OF A TIRE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the remote measurement of a
physical magnitude of a tire while a vehicle 1s running, par-
ticularly through a radio frequency link and a passive com-
ponent.

More particularly, the invention relates to resonant struc-
tures with bulk waves within piezoelectric films that are
adapted for this restrictive use. The hybrid structure accord-
ing to the ivention may be optimized to increase 1ts quality
factor and 1ts coupling factor in 1ts frequency range.

The mvention also relates to the use of hybrid resonators in
a vehicle ground connection, for example at the tire, to make
a remote wireless measurement of the running parameters
such as the temperature of the rubber of a tire or the internal
air pressure. The mvention also relates to the use of resonant
structures to transform active MEMS (micro-electrome-
chanical systems) to passtve MEMS, in other words that can
be remotely queried and that are not connected to a power
supply source.

2. Description of Related Art

To 1ncrease automobile safety, it appears desirable to inte-
grate systems for real time monitoring of the performances of
tires and/or their usage conditions. To achieve this, a tire
instrumentation channel 1s aimed at integrating electronic
devices such as sensors, for example so as to monitor param-
cters related to the use and/or wear of tires. For example,
marketed TPMSs (““Tire Pressure Monitoring Systems™), that
usually consist of sensors integrated into tire valves, notify
the driver 11 his tire pressure 1s correct and detect leaks.

As soon as 1t becomes possible to consider measuring a
physical parameter of a tire mounted on its wheel under
running conditions, the problem of the energy available to
make this measurement and transmait 1t to a control system
inside or outside the vehicle arises; electronic devices must
also comprise a means of supplying power to sensors and
retrieving and even processing signals. Existing solutions
used for most currently installed TPMS systems are based on
the use of batteries associated with strategies for energy man-
agement so that they do not need to be replaced throughout
the life of the tires.

However, the 1deal solution relates to passive sensors, in
other words sensors which do not require any energy source
onboard the tire/wheel assembly but are powered by a remote
radio frequency wave or by an auto-energy generation system
associated with the tire. In the case of a power supply through
a radio frequency wave, a query signal 1s sent to the sensor on
which an antenna 1s 1installed; after the signal has been
recetved, the sensor sends a radio wave that contains infor-
mation about the physical parameter to which 1t 1s directly or
indirectly sensitive.

Thus, 1t 1s known for example 1n document EP 0 937 615,
that Surface Acoustic Wave (SAW) sensors can be used to
passively measure physical parameters such as bond of the
tire by radio frequency waves; this SAW sensors solution was
developed particularly for data transmission (US 2005/
093688).

SAW sensors may be of the “delay line” type (the phase
difference between several echoes generated by the sensor
will depend on the parameter to be measured) or the “reso-
nator” type (the resonant frequency of the sensor will depend
on the parameter to be measured). Resonator type sensors,
due to their compact size, are usually better adapted to the
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measurement of a physical parameter of the tire 1f access to
this parameter requires imtegration of the sensor during manu-

facturing of the tire.

However, a high performance measurement by a resonator
type sensor requires a high resonance quality for optimum
detection precision of 1ts resonant frequency, and the lowest
possible msertion losses 1n the resonator (to optimize the use
of energy sent by the query radio wave since the system 1s
passive), and a suificient sensitivity to the physical parameter
to be measured for the envisaged application. The SAW reso-
nator may be limited for the envisaged applications, 1n order
to optimize these three performance criteria without increas-
ing the final size of the sensor; SAW resonators with mini-
mum 1nsertion losses and therefore with maximum coupling
(10% 1nstead of 1%, for example by varying the piezoelectric
material of the support) have insuilicient resonance quality
factors.

Furthermore, the sensitivity of SAW resonators to the
physical parameter to be measured, and particularly the tem-
perature, may be much too high to guarantee that radio emis-
s1on standards (FCC or E'TSI) are respected, particularly 1n
the 433.92 MHz ISM band: thus the high thermal sensitivity
causes resonance outside the authorized frequency bands.
Finally, such resonant surface wave structures must be a cer-
tain size related to the acoustic wave length and their very
configuration, that requires a minimum length to perform
their spectral function: a typical sensor 1s usually 5 mmx3
mm.

One envisaged alternative could be the use of bulk wave
resonators based on putting a piezoelectric material blade into
vibration, in which two facing electrodes clamp a plate of
piezoelectric material; application of a radio frequency field
to the dipole terminals thus created, generates deformation of
the plate by mverse piezoelectric effect, depending on the
couplings allowed by the crystalline orientation of 1ts com-
ponent material.

(Quartz 1s found to be the preferred material for this type of
application, taking account of its thermoelastic properties
(high mechanical quality coelficients, existence of orienta-
tions compensated for temperature elfects, etc.). Such a typi-
cal resonator operates at the order of 1 MHz, which 1s much
too low for optimum radio frequency detection; 1n order to
increase the frequency, 1t becomes necessary to thin the usual
solid materials down to the thicknesses that make any indus-
trial application (for which the minimum thickness of the
plates 1s of the order of 30 um) risky: a frequency of 1 GHz
represents the practical limit for the use of classical bulk wave
resonators.

These bulk acoustic wave BAW oscillators cannot be used
in practice, particularly for the measurement of running
parameters 1n a severe environment: no alternative to SAW
sensors has yet been marketed.

SUMMARY OF THE INVENTION

The mvention describes how to overcome the disadvan-
tages of existing sensors and to provide a BAW type resonator
adapted to the measurement of running parameters, particu-
larly a tire, 1n a vehicle ground connection, and 1t has many
other advantages.

Thus, the envisaged option enables simultaneous optimi-
zation of the parameters described above including 1nsertion
loss, resonance quality, sensitivity and size.

In particular, the invention relates to a resonator for mea-
suring parameters under severe vibration and temperature
conditions. The resonator according to the invention i1s a
resonant hybrid structure that has a high coupling level and
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that 1s capable of simultanecously overcoming difficulties
encountered with the BAW solution at high frequency, the
impossibility of working at low frequency on simple FBAR
(Film Bulk Acoustic Resonator) structures, and the lack of
suificient coupling when working with composite structures.

Therefore according to one of its aspects, the mvention
relates to a hybrid acoustic resonant structure adapted for use
as a sensor of a running parameter of a ground connection,
comprising a piezoelectric transducer that comprises two
clectrodes surrounding a layer of piezoelectric material in the
form of a thin film. One of the two electrodes 1s 1nstalled on a
support and the other may be coated with an additional layer,
the thickness of which 1s determined as a function of the
thickness of the substrate and the operating parameters of the
resonator, to optimize the acousto-electric density within the
piezoelectric film. The thicknesses determine a natural fre-
quency of the resonator, one harmonic of which 1s 1n the
targeted radiofrequency range, 1n other words 1s preferably
between 300 MHz and 3 GHz.

The support may be a substrate, advantageously 1n the form
of a blade or a Bragg mirror placed on a substrate; the addi-
tional layer or the upper electrode may also be covered by a
Bragg mirror. The resonant structure according to the mven-
tion provided with a Bragg mirror may advantageously be
tully or partially encased 1n a protection layer that may act as
encapsulation, particularly using standard selective encasing
procedures for making a “packaging”, or may be placed in a
low-cost electronic component package; at least one Bragg
mirror 1s chosen so that 1ts reflection coefficient 1s maximum
at about the resonant frequency of the structure.

The substrate may be composed of several materials that
advantageously have mechanical and dielectric quality fac-
tors such that the product QF ofthe resonant structure exceeds
3 or 5x1012; 1t may also be monocrystalline silicon. The
piezoelectric layer 1s advantageously composed of aluminum
nitride, that may be deposited for example by cathodic sput-
tering, or a single crystal that may be added on by molecular
gluing followed by thinning. The electrodes are advanta-
geously metallic layers deposited or integrated on their sup-
port, namely substrate, Bragg mirror or piezoelectric layer.
The additional layer may be or may not be piezoelectric;
preferably, 1t will be placed by epitaxial growth ol a monoc-
rystalline material, but 1t may also comprise a material like
that used for the substrate.

The structure according to the invention may be associated
with an element of the ground connection of an automobile
vehicle, for example by gluing. According to one preferred
embodiment, 1t 1s built mnto the rubber of a tire during 1ts
manufacture.

According to one particularly preferred embodiment, the
structure according to the invention 1s coupled to a radio
frequency antenna 1n order to make a transponder function.
Such a transponder may be associated with one or several
other hybrid resonant structures to make differential mea-
surements, particularly of the temperature.

According to another aspect, the invention relates to the use
of a hybrid resonant structure, 1n other words a BAW resona-
tor with a piezoelectric film, and not a usual SAW resonator to
measure a running parameter of a vehicle, particularly the
temperature, or to act as a strain gauge 1n a MEMS sensitive
to a running parameter ol a vehicle, and particularly the
pressure.

Note that within the context of this invention, the term
“tire” means equally an inflatable tire or an elastic tread or a
track, and all these terms should be interpreted as being
equivalent; the “ground connection” 1 of a vehicle includes
the tire 2 as defined above and the elements forming part of it
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such as the 1nserts 3, and all components that connect it to the
vehicle body 4, namely the wheel, the rim, the braking system

5, the damping system 6, the axle, etc. as far as the articulation
7 as shown 1n FIG. 1.

BRIEF DESCRIPTION OF THE DRAWINGS

Other characteristics and advantages of the invention will
become clearer after reading the following description with
reference to the attached drawings, given solely for 1llustra-
tive purposes and that are 1n no way limiting.

FIG. 1 diagrammatically shows the ground connection of a
vehicle and different sensor locations.

FIG. 2 shows a hybrid resonator.

FIG. 3 1llustrates a hybrid resonator with Bragg mirror and
an additional layer according to a preferred embodiment of
the invention.

FIG. 4 shows a transponder according to the invention.

FIG. 5 shows another use of a resonator 1n a MEMS,
according to the invention.

DETAILED DESCRIPTION OF THE INVENTION

While running, the tire temperature 1s an important factor
alfecting safety. It thus appears desirable to be able to mea-
sure 1t regularly by a direct measurement 1n order to notify the
driver when the tires are not at an appropriate temperature for
optimum grip, or to optimize their life. Consequently, 1t 1s
desirable that a passive sensor and 1ts data transmission sys-
tem, 1n other words 1n most cases its antenna 1tself, to set-up
a radiofrequency connection with the vehicle query device,
should be integrated directly 1nto the tire during manufacture.
The 1ntrusion of the sensor must then be as low as possible,
the istrumentation of a tire remaining an accessory, and the
main function of the assembly obtained still being to assure
optimum running conditions; 1t 1s important that the different
devices mtegrated into the tire do not modity 1ts mechanical
performances nor its life. One of the surfaces of an SAW
sensor must remain iree, consequently additional constraints
on packaging appear for such integration, which increases
their size even further.

Due to the possibility of making piezoelectric thin layers
on non-piezoelectric substrates, 1t 1s found possible to excite
bulk waves within piezoelectric films, often with longitudinal
polarization, simultancously with very high propagation
speeds and a high piezoelectric coupling (a few percent).
Thus, different BAW resonators with thin piezoelectric films

have been developed: Thin Film Resonators (TFR_ on a sub-
strate, machined on the surface or in bulk (FBAR “Film Bulk

Acoustic Resonator”, HBAR “Harmonic Bulk Acoustic
Resonator”), or with Bragg mirror (SMR “Solidly Mounted
Resonator”). For such a hybrid resonant structure comprising
a piezoelectric film, coupling between the electrical energy
and the piezoelectric medium 1s maximum if the maximum
stress 1s applied at the middle of the piezoelectric layer. Con-
sequently, electromechanical coupling, temperature effects
and stresses and the acoustic insulation of the resonator are
uncoupled phenomena in the first order, and consequently are
usually considered as being independent: the relation
between such phenomena 1s not trivial.

These hybrid resonant structures have the advantage over
surface wave sensors that they are very much smaller 1n size;
in particular, the embodiments according to the invention
presented below may be of the order of 200 umx200 pm.
Furthermore, particularly 1n the preferred “Bragg mirror”
configuration, 1t 1s possible to encase the sensor and 1ts con-
nection with the antenna at low cost, to achieve a structure that
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may be directly integrated into the rubber before vulcaniza-
tion of the tire, without complex encapsulation of the system.

Basically, and as shown 1n FIG. 2, a hybnid resonator 10
according to the invention comprises a blade 12 made from a
material acting as a substrate. A piezoelectric transducer 14 1s
arranged on the blade of the substrate 12. The transducer 14
comprises a lirst electrode 16 deposited on the surface of the
blade 12; advantageously, the thickness of the layer from
which the first electrode 16 1s made 1s less than A, /20, where
M, « 1s the wavelength of the acoustic wave propagating inside
the layer. The first electrode 16 1s composed of a preferably
good electrically conducting material so as to limit resistive
losses; advantageously 1t 1s a metal (Al, Mo, N1, Ag, Pt, Au,
W, Cu, .. .), chosen so that, 1f possible, it can be deposited 1n
an oriented manner, on the surface of the substrate 12.

The transducer 14 comprises a layer of piezoelectric mate-
rial 18 placed above the first electrode 16; the existing process
that depends on the nature of the piezoelectric material 1s
chosen to minimize texture defects of the layer 18 that form
dissipation sources prejudicial to confinement of the electro-
acoustic energy 1n the thickness of the structure 10. Thus,
lithium niobate, potassium miobate, aluminum nitride, zinc
oxide and other piezoelectric materials can be deposited. The
film thickness has an influence on the coupling ratio (as
explained later); preferably, for an acoustic wavelength A, 4
within the piezoelectric layer 18, optimum coupling 1s
obtained for a layer thickness equal to A,./2 or any odd
multiple of A /2.

A counter-electrode 20 1s then deposited on the surface of
the piezoelectric material 18. As in the case of the first elec-
trode 16, this second electrode 20 1s composed of a preferably
good electrically conducting material, advantageously made
from a material that can be deposited 1n an oniented, or better
epitaxied manner. Similarly, advantageously, the thickness of
the layer of the electrode 20 1s less than A, /20, where A, 1s
the wavelength of the acoustic wave that propagates inside the
material of the electrode 20.

The main technological difficulty with making such a com-
ponent 10 lies 1 the elimination or local thinming of the
substrate 12 located on the back face of the piezoelectric layer
14 so as to enable the vibration to be set-up freely: the sub-
strate 12 existing under the piezoelectric membrane 18 1s
capable ol generating parasite modes, because the natural
frequency F, and the operating frequency F of the resonator
10 depend directly on the thickness of the substrate 12. The
substrate 12 may be thinned to reach this thickness before or
during the manufacturing process of the resonator 10; it 1s
also possible to modity the thickness of the substrate 12 once
the resonator 10 has been made, for example by taking advan-
tage of the operation to adjust the resonant frequency of the
device 10.

This structure 10, called a hybrid resonant structure, has
many different modes corresponding to the different possible
harmonics of the fundamental mode of the structure. It thus
becomes easier to change the radiofrequency band than 1t 1s
with resonator type SAW structures, which correspondingly
increases operating frequencies F, of the device and therefore
reduces 1ts size.

Consequently, a structure 10 like that shown 1n FIG. 2
resonates naturally at very high or very low frequencies,
which penalizes 1ts use as a radiofrequency transponder, in
other words preferably within the 300 MHz-3 GHz range.
Due to composite use according to the invention, 1t 1s possible
to adapt the operating frequency of the resonator 10 by the
choice of a mode corresponding to the required range, using
a harmonic with rank N=1 rather than a non-fundamental
resonant mode.
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The natural resonant frequency F, of such a structure 10 1s
given by the relation F,=V/2e where e 1s the effective thick-
ness of the composite plate composed of the thin layer 14/sub-
strate 12 and V 1s the equivalent speed of the mode, which
depends mainly on the elastic properties of the substrate 12
(preferably a monocrystal), slightly disturbed by the film 18.
The different layer thicknesses, and particularly the monoc-
rystalline blade 12, 1s chosen so that one of the rank N har-
monic resonances of the stack corresponds to the required
operating frequency F of the resonator 10; furthermore, the
structure can be sized to obtain a spectral difference between
two resonances very much higher than the working frequency
band (for example 1.8 MHz for the band centered at 433.92
MHz). Thus, the chosen resonance may be selected precisely.

Advantageously, the substrate 12 1s made from a material
with the highest possible mechanical and dielectric quality
factors, so that the product of the quality factorxresonant
frequency (QF) of the useful mode is greater than 310", for
example a resonance quality coellicient of the useful mode
more than 8000 at about 400 MHz. A good resonance quality
1s desirable for the measurement, and 1s related to the quality
tactor Q. This quality factor Q 1s of the order of 8500 to 10000
at 433 MHz for an SAW, and therefore a comparable result
can be obtained with a structure according to the ivention.
For example, the material may be chosen among crystalline
or monocrystalline quartz, glass or amorphous silica, lan-
gasite La,(Ga.S10, , and 1ts variants (langamite La,Ga.,SNb,,
50, ,, langatate LLa,Ga.,5Ta,,50, ., etc.), galllum phosphate,
sapphire, lithium niobate, lithium tantalate, diamond carbon,
silicon carbide, etc.

Polarization 1s fixed by piezoelectric coupling of the film
18. Moreover, conversion ol mechanical energy into electri-
cal energy depends on coupling between the materials. Pret-
erably, the characteristics of the piezoelectric material 18 are
suificient to achieve an electromechanical coupling for the
composite resonator 10 1n the selected operating mode F,
greater than or equal to the coupling of surface waves on
quartz 1n sections (ST, X), namely usually 1%. Advanta-
geously, materials with a high coupling coetficient are used,
such as aluminum nitride (AIN) or zinc oxide (ZnQ) that are
reasonably easy to implement using different methods, par-
ticularly on silicon. The choice of the thickness varies as a
function of the nature of the piezoelectric layer 18, applica-
tions and technological implementation limaits.

Preferably, the structure 10 according to the invention is of
the “HBAR” type, 1n which energy is distributed approxi-
mately homogenously between the piezoelectric layer 18 and
the substrate 12. These structures 10 are characterized by
resonance on the harmonic of the substrate 12/piezoelectric
layer 18 assembly, with a total active thickness equal to at
least one wavelength. The acoustic energy 1s not confined 1n
the piezoelectric layer 18, but on the contrary 1s very much
present 1n the substrate 12. Conversely, 1n a “FBAR” type
structure, the acoustic energy 1s naturally confined in the
piezoelectric layer 18, and the structure 1s characterized by a
resonance of the piezoelectric layer 18 in the fundamental
mode (a half wavelength or similar).

As mentioned above, for a composite resonant structure 10
comprising a piezoelectric film 18, coupling between the
clectrical energy and the piezoelectric medium 1s maximum 1f
the maximum stress 1s applied at the middle of the piezoelec-
tric layer, and the upper layer 20 can be thickened so as to
displace the position of the maximum expansion within the
piezoelectric layer 18, using the propagation effect.

However, 1t 1s preferable that the elastic energy can propa-
gate within an additional thickening layer 22 added onto the
clectrode 20, to avoid the severe degradation of the additional
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tension coellicient of the resonant structure 10. A coupling
factor of 5% can thus be obtained. Therefore, according to the
invention, the stack 12, 16, 18, 20 1s preferably completed by
an additional layer 22 deposited on the surface of the counter
clectrode 20. This additional element 22 1s composed of one
or several materials chosen with high mechanical and/or
dielectric quality factors, so as to limit intrinsic losses of the
device 10. Advantageously, depending on the nature of the
counter-electrode 20, the layer 22 may be made by epitaxy,
thus guaranteeing 1ts orientation.

The layer 22 1s used to concentrate the acousto-electric
energy of the useful mode 1n the piezoelectric layer 18; 1n the
limiting case, this 1s a global impedance adaptation element
of the device 10. Advantageously, growth of the additional
layer 22 1s such that this layer 22 has a texture capable of
obtaining suificient over-tension values to limit intrinsic
losses of the device 10. In particular, for an HBAR type
resonant structure 20, this additional layer 22 1s such that the
energy 1s not confined 1n the piezoelectric layer 18, although
it 1s significantly present, by positioning the maximum stress
in this layer 18.

In fact, it 1s 1mpossible to consider the addition of an
additional layer as being obvious for a person skilled 1n the art
becausenone of the known HBAR embodiments includes this
additional layer that makes 1t possible to displace the maxi-
mum stress.

The material from which the layer 22 1s made 1s preferably
chosen from among maternals used to make the substrate 12,
particularly monocrystalline quartz, glass or amorphous
silica, langasite and 1ts variants (langanite, langatate, etc.),
gallium phosphate, sapphire, lithium niobate, lithium tanta-
late, diamond carbon, silicon carbon, etc. The additional layer
22 may or may not have piezoelectric properties; it may also
comprise aluminum mtride and potassium niobate.

The choice of thicknesses of the different layers and par-
ticularly the blade 12 1s calculated such that one of the har-
monic resonances rank N (N=1) of stack 14, 22 corresponds
to the operating frequency F of the resonant structure 10.

In one preferred embodiment, the component elements are
chosen such that the sensitivity to stress 1s as high as possible,
so that stress effects induced by deformation of the body
within which 1t 1s located can be measured, after 1t has been
integrated 1nto a specific deformable system.

Furthermore, the resonator 10 according to the invention
may be provided with at least one Bragg mirror. A resonant
structure 24, shown 1n FI1G. 3, also comprises a Bragg mirror
26 on the lower face of the transducer 14, between a substrate
12 and the first electrode 16, which among other things can
cause an 1impedance break, and/or a Bragg mirror 28 on the
upper face of the additional layer 22 designed to concentrate
energy.

As 1s often the case, each Bragg mirror 26, 28 1s composed
of an alternation of layers of materials with different retlec-
tion coellicients, for which the thickness 1s an odd multiple of
N4, where A 1s the wavelength of the wave that propagates
inside the network 26, 28: the successive reflections on the
different layers create the mirror effect; for example, stacks
are composed by alternating S1 and S1,_ Ny layers. The retlec-
tion coellicient of each mirror 26, 28 1s advantageously cho-
sen to be maximum close to the resonant frequency of the
structure 24.

The structure of the layers used to make each mirror 26, 28
1s chosen to make a stop band (in other words the spectral
domain in which the mirror performs its total wave retlection
function) centered around a harmonic resonance, itself cho-
sen for its specific coupling qualities, quality coelficient, ther-
mal sensitivity, etc. It may also be interesting to improve the
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spectral purity of the resonator 24 by making a stop band of
the mirror 26 such that the band width 1s less than the distance
between two harmonics of the resonant structure 24.

In particular, 1n the presence of a double mirror 26, 28, 1t 1s
possible to adjust the structure of each of the mirrors such that
their spectral response 1s slightly offset: the filtering function
1s thus wider than that 1n a configuration with a single mirror
or with two symmetric mirrors. Advantageously, the front
mirror 28 1s offset such that the chosen resonance frequency
1s 1n the lower part of the stop band and the rear mirror 26 1s
such that the resonant frequency 1s located 1n the high part of
the stop band, or vice versa.

In particular, i the case in which integration into the tire 1s
considered, but also for any other use, 1n this configuration 1n
which the resonant structure 1s provided with one or several
Bragg mirrors, 1t 1s possible to include one face or the whole
structure 24 according to the invention 1n an encasing mate-
rial; depending on the application, this encasing may act as
encapsulation. An acoustic absorbent, for example a layer of
organic material such as a polymer, particularly based on
epoxy resin, may thus be deposited on the surface of at least
one Bragg mirror 26, 28, so that the contribution of modes not
reflected by the mirror to the electrical response of the reso-
nator 24 can be eliminated; 1t 1s desirable that the encasing
material should be compatible with the rubber of a tire such
that during vulcanization, the structure according to the
invention 1s fully integrated into the tire, for example an
Epoxy ES14 (Epotechny™) resin.

It thus appears that the hybrid resonator according to the
invention 1s capable of obtaining better efficiencies or cou-
plings than SAW structures, while having high resonant
qualities and being compact. Therefore energy losses with the
sensor are minimized, which 1s advantageous and increases
the reliability, while broadening application fields of this type
ol passive system to include tires and the ground connection.
Furthermore, manufacturing of hybrid resonant structures
makes use of microelectronics technologies, particularly with
waler deposition processes 1n which the basic material may
be silicon, at a cost much less than the cost of quartz used for
SAWs.

In one preferred embodiment, the resonator according to
the 1nvention may be used as a transponder 30 as shown 1n
FIG. 4. A resonator 10 1s provided with an antenna, in this
case of the dipole type with two strands 32, 34, which 1s
connected to 1t: 1t 1s then possible to excite the electrical
resonance of the structure 10 by placing it 1n the field of an
emitter operating 1n the corresponding frequency range. After
excitation, the natural frequency of the structure 12, 16, 18,
20, 22 will be re-emitted and 1t can be analyzed using an
appropriated device. It 1s thus possible to make a transponder
30 for which the signal 1s slaved to the state of the structure at
the time of reception. Another advantage 1s that it appears to
be possible to adjust the modulus of the resonant impedance
independently of other electrical characteristics such as cou-
pling, thermal driit, etc. It 1s then easier to optimize energy
exchanges with the antenna connected to 1t, by varying the
Standing Wave Ratio (SWR).

Furthermore, when the invention 1s used as a passive tran-
sponder, encasing, depending on whether it 1s partial or total,
may allow the antenna wires to pass through or to be encased.
The lack of specific encapsulation, integration of the electro-
mechanical link between the antenna and the sensor, and the
absorbent within the encasing, enable a large reduction in the
final cost of the transponder.

Thus, a hybrid resonator 10, 24, 30 according to the inven-
tion, either mtegrated 1nto the rubber of the tire or glued to an
clement of the ground connection makes it possible to mea-
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sure the running temperature. In particular, the resonant struc-
ture 10, 24 according to the invention may be made using a set
of materials that increase 1ts sensitivity to temperature varia-
tions. For example, matenals for which the coelficients of
variation of the frequency as a function of the temperature
(CF'T) are preferably of the same sign so that effects can be
accumulated, for example like lithium niobate and silicon,
both of which have a negative CFT.

In another case, 1n order to limit the sensitivity to tempera-
ture variations, for example when the available frequency
band for the query 1s low, two materials for which the CTFs
are varying in opposite directions such as AIN and S1, may be
used. In this case, the resonant frequency of the entire struc-
ture 10 then varies as a function of the temperature, and the
function of the transponder 30 can be used for example to
directly monitor changes 1n temperature variations.

Such a transponder 30 may be associated with another
resonator 10, 24 according to the invention. In this case, the
difference between couplings and resonant impedances of
resonant structures 1s advantageously minimized so as to limit
differential losses, and therefore to enable a corresponding
remote query of the structures with the same performances,
particularly 1n terms of a query distance. Thus, the reply to a
query 1s homogenous 1n terms of the response level between
the different resonators at the same query distance.

Advantageously, two resonant structures 10 are used
jointly such that the frequencies of resonant structures have
opposite drifts as a function of the temperature, which
doubles the sensitivity of the assembly thus created. In par-
ticular, the sensitivity of the electrical measure may be opti-
mized by placing the resonator with a positive thermal drift of
the frequency at the mput to the authorized frequency band,
and the resonator with a negative thermal drift of the fre-
quency at the output from said band. The difference between
the basic frequency and the current frequency 1s determined
for each resonator taken separately, and the sum of the differ-
ences measured for each resonator for the same temperature
variation, 1s equivalent to a thermal drift equal to twice the
unit value.

Conversely, 1f the whole of materials chosen 1s such that the
temperature sensitivity of the usetul resonant frequency (in
the chosen query band) 1s as low as possible, the resonant
structure can then be integrated into a specific deformable
mechanical structure for a direct measurement of stress
elfects: deformation of the mechanical structure leads to a
modification of the acoustic properties of the resonator,
which causes a vanation of its resonant frequency(ies). The
deformable mechanical structure may be 1n the form of a ngid
bar connected to a deformable membrane for which the thick-
ness 1s adjusted to optimize the stress range to be measured
and the useful resonance, representative of the required infor-
mation.

The resonator according to the invention can thus indi-
rectly measure the tire pressure (or any other three-dimen-
sional stress), using several hybrid structures such as stress
gauges on a silicon MEMS, due to their compatibility: once
again, the device according to the invention can be integrated
during the MEMS manufacturing process due to 1ts small size
and the base material that 1s routine. For example, a nail
sensor 40 like that illustrated 1n EP 1 275 949 can be made
passive: piezoresistive strain gauges etched on MEMS 40
may be replaced by resonant hybrnid structure type strain
gauges 24 as shown 1n FIG. 5, which 1s possible considering
the small si1ze of devices according to the mvention.

It 1s also possible to have several resonant structures
according to the invention on the same deformable mechani-
cal structure, particularly a tire, some being arranged on parts

5

10

15

20

25

30

35

40

45

50

55

60

65

10

sensitive to strain and others on parts not affected by strain or
on a neutral axis so as to have a reference. The measurement
of the change of each frequency with respect to the fixed
reference can then firstly 1solate the residual thermal dritt and
secondly measure the effect of strain; it 1s also possible to
return to the direction (sign) of the effects to be measured. In
the same way, the influence of the temperature measurement
can be eliminated by using a reference for which the thermal
sensitivity 1s equal to the thermal sensitivity of the test body,
such that the frequency drift between the reference resonator
and measurement resonators 1s equal regardless of the work-
ing temperature.

According to another application, the resonant structure
according to the imvention may be coupled 1n series to a
capacitive test body, the value of which varies as a function of
a physical parameter to be measured: the resonant frequency
varies as a function of the value of the capacitance The setof
clements making up the resonant structure 1s chosen such that
the scnsmwty ol the usetul resonant frequency (in the chosen
query band) 1s as small as possible, and the geometry is
selected to optimize the electromechanical coupling so as to
make a capacitance measurement by frequency pulling. The
query 1s then made using the transponder function of the
resonant structure to directly monitor the change of capaci-
tance variations. Advantageously, the resonant structure has a
static capacitance, the value of which 1s close to the value of
the capacitance to be characterized.

In order to optimize the sensitivity, in this case the structure
1s designed such that the static capacitance of the resonator 1s
approximately equal to the typical capacitance of the capaci-
tive test body. In order to further improve the sensitivity, a set
comprising at least two resonant structures can be used, only
one of which 1s coupled to the test body, the other being used
as areference. The invention can also be used by coupling the
capacitive test body 1n parallel.

In particular, resonators according to the ivention have a
high over-tension so as to determine the frequency and its
variation with suificient precision: very low insertion losses
so as to not unnecessarily dissipate energy recerved during
transduction; robustness to hostile environmental conditions
to which they may be subjected either during placement or
during operation, for example with a temperature of between

-50° C. and 500° C.

What 1s claimed 1s:
1. An element of a vehicle-to-ground connection, compris-
ng:

at least one hybrid resonant acoustic structure acting as a
sensor, wherein the resonant acoustic structure includes:
(1) a support; and
(2) a piezoelectric transducer, wherein the transducer

includes:

(a) a first conducting electrode supported by the sup-
port,

(b) a second conducting electrode,

(¢) a film of piezoelectric material separating the first
and second conducting electrodes, the film of
piezoelectric material being positioned adjacent a
first surface of the second conducting electrode,
and

(d) an additional layer positioned adjacent a second
surface of the second electrode, wherein the addi-
tional layer causes a maximum stress to be located
within the film of piezoelectric material,

wherein a working frequency of the resonant acoustic
structure 1s 1n a radiofrequency spectrum from about 300

MHz to about 3000 MHz.
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2. The eclement of the vehicle-to-ground connection
according to claim 1, wherein the working frequency of the
resonant acoustic structure in the radiofrequency spectrum 1s
a harmonic with rank N=1 of a natural frequency (F,) of the
resonant acoustic structure.

3. The clement of the vehicle-to-ground connection
according to claim 1 or 2, wherein the support 1s a silicon
monocrystal substrate blade.

4. The element of the vehicle-to-ground connection
according to claim 1, wherein the film of piezoelectric mate-
rial 1s an aluminum nitride layer.

5. The eclement of the vehicle-to-ground connection
according to claim 1, wherein the additional layer concen-
trates an acousto-electric density to cause the maximum
stress to be located within the film of piezoelectric material.

6. The eclement of the vehicle-to-ground connection
according to claim 1, wherein the additional layer 1s formed
ol a same matenal as the support.

7. The element of the vehicle-to-ground connection
according to claim 1,

wherein the resonant acoustic structure further includes at

least one Bragg mirror, the at least one Bragg mirror
being positioned on the additional layer, between the
support and the transducer, or both,

wherein each of the at least one Bragg mirror includes an

alternation of layers of materials with different retlec-
tion coellicients, and
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wherein a retlection coelficient of each of the at least one
Bragg mirror 1s maximum close to a resonant frequency
of the resonant acoustic structure.

8. The element of the vehicle-to-ground connection
according to claim 7, wherein the resonant acoustic structure
turther includes a coating layer on at least one of the at least
one Bragg mirror.

9. The eclement of the vehicle-to-ground connection
according to claim 1, further comprising an antenna con-
nected to the resonant acoustic structure.

10. The eclement of the vehicle-to-ground connection
according to claim 9, further comprising at least one other
resonant acoustic structure, wherein characteristics of each
resonant acoustic structure enable differential measurement
ol a temperature.

11. The element of the vehicle-to-ground connection
according to claim 1, wherein the resonant acoustic structure
1s 1ntegrated 1n tire rubber.

12. The eclement of the vehicle-to-ground connection
according to claim 1, wherein the resonant acoustic structure
1s used to measure a running parameter ol a vehicle.

13. The eclement of the vehicle-to-ground connection
according to claim 12, wherein the running parameter 1s a
temperature of a tire.
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